SUMMARY
INTRODUCTION
The passage of a train through a tunnel generates a complex pattern of pressure waves. Attention has traditionally been focused on potential negative effects on train stability and on exposed structural elements (e.g. windows) [1] . Much less consideration has been given to the possibility that aural discomfort and/or disturbances can result, due to the pressure waves generated by the head and the tail of the train [2] , [3] . Such disturbances might affect passengers and train conductors alike. The latter however are in a more hazardous position, as they are exposed daily over very long timescales. Intercity trains are likely to present the largest amplitudes of pressure waves, due to the combination of a high speed (up to 200 kmh -1 ) and of the "traditional" design of cars, which implies a lower degree of airproofing compared to contemporary very high velocity trains (TGV in France, ICE in Germany, ETR in Italy).
In this paper we present and model measurements of low frequency pressure waves abroad Intercity trains. In section 2 we review the basic elements of human exposure to infrasound. The instrumentation and methodology adopted in this work are illustrated in section 3. Then in section 4 we discuss the wave pattern which is triggered by the train as it enters the tunnel, and the ensuing regime of stationary waves.
as it does in the opposite limit of very high frequency waves. In other words no obvious cut-off exists at or around the conventional lower limit for audibility of 20 Hz. Threshold levels for perception are very high (about 87.5 dB at 16 Hz, 107 dB at 4 Hz [4] ), but definitely within the range of levels which can be experienced during everyday activities.
A wide collection of literature studies exists on annoyance related to "justabove-threshold" signals [5] . Because isophonic curves are very closely spaced in this frequency range [6] , implying that loudness increases quickly as a function of pressure, there is widespread consensus that the annoyance threshold must, for practical purposes, be identified with the perception threshold [7] . Unpleasant sensations of building pressure in the ears occur 30 -40 dB above the perception threshold [5] . More serious effects such as moderate TTS at sonic frequencies (f 1000 Hz) appear around 140 dB. Tentative threshold values for continuous exposures of limited duration (tens of minutes) to pure tones in the 1 -20 Hz range are given by [8] :
where the last term drops out if exposure is below 8 minutes. These values are related to the onset of possible hearing problems.
The pain threshold has been measured [8] at about 145 dB at 20 Hz, increasing to 155 dB at 4 -5 Hz and to 165 dB at 2 Hz. The pain threshold for static pressure is of order 175 -180 dB (0.1 -0.2 atm.), while the tympanic membrane rupture occurs around 0.5 atm [8] .
No threshold values exist for impulsive and in general short -lived signals, whose effects are much less well known. Some clues may be gathered from exposures to sonic bangs. In one instance, repeated exposures to pressure levels ranging between 141.5 dB and 156.5 dB (30 events per day over 30 days), has not been reported to induce any significant alteration to the auditory system [8] . The death of data on long term exposure to impulsive infrasound is one of the main motivations for this study.
MEASUREMENTS AND ANALYSIS
Measurements were performed in the month of October 1999, aboard two Intercity trains on the new Rome-Florence railway line. Data have been collected inside and in the immediate vicinity of tunnels, and occasionally outside the tunnels, to get an estimate of the background signal. Measurements have been performed in about 15 tunnels for each train.
A Brüel & Kjaer microphone type 4193 was positioned next to the virtual position of one of the passenger's ears inside a 1st class compartment. Given the large ratio of the wavelength (about 100 m) to the characteristic physical dimension of the environment (a few metres), the microphone's actual position in the compartment is utterly irrelevant.
The electrical signal produced by the microphone has been recorded on a Sony PC 204 Digital Audio Tape Recorder. Off-line signal processing has been performed using a dual channel Ono Sokki 5220 FFT analyser. Time -domain as well as frequency -domain analyses have been performed. In order to keep the entire tunnel crossing interval within the FFT analysed range, samples of variable duration have been taken, and a fixed sample length of 2048 has been used, so final sampling rates are inversely proportional to tunnel crossing times. This results in a variable frequency resolution and Nyquist frequency. The
frequency resolution was typically in the range 0.01 -0.1 Hz. The variation of the Nyquist frequency, typically in the range between 20 and 200 Hz, was not taken into account because, as we will show later, all the spectra are roughly flat below a critical frequency around 1 Hz, independent of the tunnel length, and decrease with a steep -5/3 power slope above. As a consequence, aliasing of the high frequency tail does not significantly affect the low frequency spectrum of interest in this work.
RESULTS

Turbulent field
The observed pressure power spectrum shows the existence of two clearly different frequency ranges. A flat section exists at the low frequency end of the spectrum, extending up to a cut-off frequency, independent of the tunnel length, and compatible with the frequency of emission by a turbulent flux of velocity v T and equivalent diameter D: f C = N S v T / D. Above f C the spectrum has the classical Kolmogoroff trend E ~f -5/3 [9] . The vast majority of the energy is therefore released at frequencies below or around f C . In the expression for Power spectrum of the initial pressure pulse. The straight line represents the best fit f -5/3 power law.
A simple analysis of the spectrum provides useful information on the fluiddynamical phenomena acting in the generation of infrasound. As the train enters or exits the tunnel, the air mass dragged by the train, and travelling at the same speed, produces a turbulent velocity field, with a high Reynolds number. Shear instabilities result in the creation of annular vortexes with typical size of order D/2 around the train surface. The vortex frequency spectrum is roughly uniform up to f C . Such annular structures decay to smaller and smaller spatial scales. The redistribution of energy due to vortex fragmentation is reflected in the Kolmogoroff energy spectrum. Figure 1 show the pressure spectrum which is found in the early stages of tunnel crossing, obtained by performing the FFT on a time interval including the initial pressure pulse only. The straight line represents the best fitting f -5/3 curve.
The phenomenon under investigation seems to be entirely determined by the tunnel geometry and by the train speed, as indicated by the formal expression of f C .
Stationary waves
The energy associated with turbulent motions acts as an impulsive source for acoustic pressure waves propagating back and forth along the tunnel. The length L of the tunnel is always much greater than its diameter, so, from an acoustical viewpoint, the tunnel behaves as a 1-D structure: the eigenfunctions of the wave equation reduce to simple axial stationary waves with characteristic frequencies given by:
Since L ranges from 113 to over 3000 m, characteristic frequencies are mostly in the sub-Hz region, occasionally reaching out to a few Hz in the shortest tunnels. Most of the energy initially injected into the turbulent field is in this frequency range, so that several vibrational modes are simultaneously excited.
Two wavefronts are independently generated by the train's head and tail as they enter the tunnel. The wavefront due to the train's head is first detected after it has travelled to the end of the tunnel, and has bounced back because of the very large acoustical impedance mismatch between the interior and the external environment. If time is calculated from the microphone's entrance in the tunnel, this wavefront is first detected after a time:
where is the train speed to sound speed ratio, while H A is the length of the train section ahead of the microphone. The wavefront due to the train's tail is first detected after a time:
where H B is the length of the train section behind the microphone. A third wavefront, sparked by the head's exit from the tunnel is detected after a time:
In Figure 2 the three pulses corresponding to (a) the reflected wavefront triggered by the train's head entrance, (b) the wavefront due to the train's tail Figure 3 does indeed show that the energy is concentrated at the frequencies of the first resonant modes. For these resonant modes, stationary waves develop inside the tunnel. At a given position x along the tunnel, the stationary wave amplitude evolves in time as:
where A n (x) is the local maximum amplitude for the stationary wave associated to the n-th resonant model. The function A n (x) describes the envelope of the stationary wave, which is given by: Assuming the train velocity v T to be constant inside the tunnel, the position x of the detector at time t is given by: x(t) = v T t. Thus, the amplitude of the nth mode stationary wave, measured at time t by the observer moving at constant speed v T , is expected to be given by:
A n sin(k n v T t)sin(k n c s t + n )
The measured waveforms have been best fitted to a superposition of functions of the form shown in eq. (8), corresponding to the first resonant modes.
The wave vectors k n have been fixed at their theoretical values n / L, while amplitudes A n and phases n , as well as train velocity, have all been best fitted. Figure 4 , the best fitted train velocity is 16 ms -1 . Due to the much lower train speed, more oscillations are observed. Correlation coefficient is 0.74.
In Figure 4 the measured waveform and the best fitting linear combination of the two first resonant modes are shown in the case of a 400 metres long tunnel. The fit correlation coefficient is 0.87. The best fitted train velocity is 41.7 m/s, in good agreement with the average velocity of 40±2 m/s, estimated from the known tunnel length and the tunnel crossing time, which is measured with an uncertainty of 0.5 s. Figure 5 shows the waveform in the same tunnel, as measured aboard another, much slower train. Because of the lower speed, the cut-off frequency is smaller, and a good quality fit (correlation coefficient is 0.74) can be found already using just the first tunnel proper mode. The best fitting train velocity is 16.0 m/s, again in good agreement with the experimental value for the average velocity of 16.5±0.5 m/s, estimated as above.
Shorter tunnels have higher characteristic frequencies, so that a smaller number of modes is excited. This becomes particularly significant in the special case where the frequency of the lowest (n = 1) longitudinal mode is close to the critical frequency of the turbulent spectrum f C . Under these circumstances, which are actually fulfilled in the shortest of the tunnels sampled (L = 113 m, f 1 -1.5 Hz), the waveform can be very well approximated (correlation coefficient 0.97) by just one stationary wave at the frequency of this resonant mode ( Figure 6 ). The power spectrum shows, as expected, that a very large fraction of the energy is concentrated precisely at the frequency of this mode.
The fit quality worsens if no stationary waves regime has yet been established by the time the microphone enters the tunnel (this occurs when the head's wavefront has not had time to travel back and forth at least once). 
Peak amplitude and velocity
The relationship between the peak amplitude of the pressure wave and the train velocity has been investigated. In order to gather a more homogeneous, if smaller, sample, only the tunnels where: a) it was possible to identify the three peaks shown in Figure 2, b) there was no encounter with other trains, and c) the speed was almost constant during the crossing time, have been included. There is a clear correlation between peak pressure and average train velocity, as shown in Figure 7 , where the ratio of the peak pressures measured in the same tunnel aboard the two trains is plotted against the train velocity ratio. A direct proportionality law is also plotted. The few data available, the small velocity ratio range and the uncertain determination of the velocity do not allow for discrimination between a simple linear law and a slightly steeper power law p = kv . Our data suggest a value of between 1 and 1.5. New measurements are needed to address this issue, with a more precise positioning of the detector relative to the train's head and tail, a larger velocity ratio range and a direct measure of the instantaneous speed. Figure 7 .
The peak pressure ratio, measured in the same tunnel aboard the two trains, as a function of the velocity ratio. The straight line represents a simple linear law.
Absolute values and human exposure
Peak pressure wave amplitudes range between 136 and 147 dB with a mean of 141 dB), reaching 152 dB on one occasion due to a train encounter taking place at the tunnel entrance (see Figure 8 ). Exposure to very high levels occurs over a large fraction of the tunnel crossing time. Figure 9 shows that in the tunnel with the largest recorded pressure wave amplitude (147.5 dB or 480 Pa), the level of 140 dB is exceeded for about 40 % of the time, whereas the level of 130 dB is exceeded for about 72 % of the time. Smaller fractions are associated with other tunnel crossing events, where the peak amplitude is lower. Average time fractions can be estimated to be of the order of 30 % above 140 dB, 65 % above 130 dB. With an estimated 50 tunnel crossings per conductor per day, we find total exposure times of 450 s above 140 dB, 1000 s above 130 dB. This represents a very large exposure in pure energetic terms. Estimating 144 dB as the appropriate equivalent value for the quoted 450 s "above 140 dB" exposure, this is about 7 dB below the hearing impairment threshold value 151 dB) set by equation (1) at 2 Hz. The largest pressure on record (152 dB) is about 13 dB below the pain threshold at 2 Hz, but of the same order of the aforementioned 2 Hz hearing impairment threshold value. We are aware that comparing peak pressure levels with threshold values for continuous exposures is thoroughly inappropriate. However, we feel that this coincidence argues against the conclusion that exposure to impulsive signals is of no consequence.
Typical peak pressures are largely in excess of the perception threshold at relevant frequencies (about 120 dB at 2 Hz [8] ), supporting the existence of annoyance effects. Future experiments shedding light on the effects of impulsive signals on hearing and annoyance, are needed.
CONCLUSIONS
A short set of measurements aboard IC passenger trains has revealed the existence of high amplitude low frequency pressure waves generated when the train enters or exits a tunnel. The wave pattern initially injected is basically turbulent, with a cut-off frequency (only dependent by the train velocity to the tunnel diameter ratio) around 1 Hz and a Kolmogoroff spectrum with -5/3 slope at higher frequencies.
The energy in the turbulent field acts as a source for the ensuing regime of stationary waves, which is characterized by the occurrence of resonances at the lowest longitudinal proper modes of the tunnel. These resonances have usually very low frequency (around and below 2 Hz). Waveforms can be fitted using just a few (usually two) proper modes of the tunnel. The number of modes depends on the train velocity as well as on the tunnel length.
One particular case is shown in which the first proper mode has a frequency close to the cut-off frequency of the turbulent spectrum, resulting in a very sharp resonance.
Peak pressure wave amplitudes appear positively correlated with train velocities. Because of the dearth of available data, we can only estimate the exponent of the best fitting power law between 1 and 1.5.
The largest signal detected has a level of 152 dB, determined by a train encounter in proximity to the tunnel entrance. This is close to the acoustic pressure threshold value for hearing impairment, and largely in excess of the annoyance threshold. Given the current lack of data in this field, additional investigation of the effects of impulsive infrasound is needed.
